Two N-heterocyclic carbene (NHC) ligands provide orthogonal chemoselectivity during the Pd-catalyzed Suzuki-Miyaura (SM) cross coupling of chloroaryl triflates. The use of SIPr [SIPr = 1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene] leads to selective cross coupling at chloride, while the use of SIMes [SIMes = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene] provides selective coupling at triflate. With most chloroaryl triflates and arylboronic acids, ligand-controlled selectivity is high (≥10:1). The scope of this methodology is significantly more general than previously reported methods for selective SM coupling of chloroaryl triflates using phosphine ligands. Density functional theory (DFT) studies suggest that palladium's ligation state during oxidative addition is different with SIMes compared to SIPr. Ar OTf [Pd] SIPr [Pd] SIMes ArB(OH) 2 KF, r.t. ArB(OH) 2 KF, r.t. OTf Cl Ar Cl Ar OTf [Pd] SIPr [Pd] SIMes ArB(OH) 2 KF, r.t. ArB(OH) 2 KF, r.t.
INTRODUCTION
Palladium-catalyzed cross couplings are among the most widely used strategies for C-C bond formation during the preparation of diverse classes of products. 1 The Suzuki-Miyaura (SM) reaction is particularly attractive due to its mild reaction conditions, its high functional group and moisture tolerance, and the low toxicity and good commercial availability of boronic acids and esters. 1 Sequential cross coupling reactions can be used to prepare polyfunctionalized arenes, 2 which are ubiquitous in pharmaceuticals, agrochemicals, materials, and natural products.
However, controlling the site selectivity of sequential cross coupling reactions can be challenging when multiple (pseudo)halides are present. A particularly attractive strategy for manipulating selectivity is through catalyst or ligand choice. 3 For example, aryl chlorides and triflates are known to react with Pd(0) under similar conditions. The only previously known system for ligand-controlled divergent SM cross coupling of chloroaryl triflates was initially reported by Fu (Scheme 1A and B). 4, 5, 6 The SM coupling of 1 with 2 favors reaction at C-Cl over C-OTf with the bulky ligand P t Bu3. Conversely, the less hindered PCy3 effects reaction at triflate. However, this methodology has limited synthetic utility.
Selective cross coupling at C-OTf using PCy3 under the reported conditions is specific to the reaction between 1 and 2; the use of other chloroaryl triflates or boronic acids leads to poor yields and/or selectivity (Scheme 1B). 7 A detailed scope of the chloride-selective cross coupling with P t Bu3 under the original conditions has not been reported. 8 As such, alternative methods are needed for selective SM cross coupling of chloroaryl triflates. An elegant procedure for triflate-selective coupling of chloroaryl triflates with organozinc reagents was recently described (Scheme 1C). 7 However, a general method to achieve the opposite selectivity-cross coupling of aryl chlorides in the presence of triflates-has not been detailed.
Scheme 1. Chemodivergent Cross Coupling of Chloroaryl Triflates
Moreover, organozinc reagents have disadvantages compared to organoboron reagents related to functional group tolerance and commercial availability. 1 Herein we demonstrate that the use of NHC ligands enables chemodivergent SM coupling of chloroaryl triflates. A Pd/SIPr precatalyst provides selective reaction at chloride, while a Pd/SIMes precatalyst favors reaction at triflate. In contrast to the limited scope reported for the prior phosphine ligand-controlled method, 4, 7 this NHC ligand-controlled SM coupling is general to a variety of chloroaryl triflates and arylboronic acids.
RESULTS AND DISCUSSION
Initial Catalytic Results with NHC Ligands. Inspired by recent reports of the high reactivity of Pd(II) precatalysts bearing NHC ligands, 9, 10 we investigated the selectivity of Pd/NHC Gratifyingly, the use of Hazari's 10 air-stable Pd/SIPr precatalyst 3 or PEPPSI TM -SIPr 11 complex 7 provides high selectivity for coupling at C-Cl in the room-temperature SM reaction of 1 with 2 in THF ( Table 1, IMes provide the opposite selectivity under otherwise identical conditions (entries 4-5). 12, 13, 14 For example, the Pd/SIMes-catalyzed reaction of 1 with 2 yields 8b in high yield, resulting from selective C-OTf activation (entry 4). Only small amounts of products from C-Cl activation (8a and 8c) are detected with this catalyst. The use of toluene instead of THF minimizes unwanted diarylation (8c) with SIPr (entry 6), but poor conversion is observed with SIMes in toluene (entry 7). Dimethylformamide (DMF)
is an effective solvent for the reaction with SIMes (entry 9) but not with SIPr (entry 8), while 1,4dioxane is an effective solvent with both ligands (entries [10] [11] . Control reactions demonstrate that catalyst, KF, and water are each necessary for both the triflate-and the chloride-selective cross couplings using SIMes and SIPr, respectively (entries [8] [9] [10] [11] [12] [13] Scope of Chloroaryl Triflates. 15, 16 In addition to para-chlorophenyl triflate 1, the meta and ortho analogs undergo triflate-( Table 2 , entries 1-2) or chloride-selective (entries 7-8) cross coupling with catalysts 5 and 3, respectively. Even in the presence of steric bias (entries 3, 10, 11) or additional electron-withdrawing or -donating substituents (entries 3-6, 9-13), selectivity remains ligand-controlled. However, conversions and selectivities are poor for some electronically biased substrates that were evaluated (see Supporting Information). 15 The expected ligand-based selectivity is retained when chloride and triflate are connected to different aryl rings (entry 13). DFT Studies. Having established that SIPr and SIMes ligand-controlled divergent selectivity is general to a variety of chloroaryl triflates and arylboronic acids, we next turned to DFT calculations to understand the origin of selectivity in this system. Calculations were performed at the CPCM(THF) M06/BS2//M06L/BS1 level of theory (see Computational Methods for details). Neutral transition structures were located using monoligated [Pd(SIPr)] for oxidative addition at both C-Cl and C-OTf of 1 (Figure 2A is predicted to favor reaction at C-Cl by 4.6 kcal mol -1 (compare TS31a and TS31b). However, the same computational method predicts that [Pd(SIMes)] should also favor reaction at C-Cl, by 9.5 kcal mol -1 (compare TS32a and TS32b). The latter result strongly contradicts the observed experimental preference for cross coupling at C-OTf using SIMes. A variety of other DFT methods were evaluated (see SI), and nearly all provide the same prediction that reaction at C-OTf is disfavored with [Pd(SIMes)]. possibility is that oxidative addition at triflate takes place through a bisligated [Pd(SIMes)2] transition structure. This possibility is analogous to the current mechanistic understanding of Fu's phosphine ligand-controlled SM coupling of chloroaryl triflates. 4 
DFT calculations by
Schoenebeck and Houk, 18 as well as studies by Sigman, 6 showed that selectivity in Fu's system relates to palladium's ligation state by phosphine during oxidative addition. PdL2, favored with PCy3, reacts at the C-OTf site of 1 while PdL, favored with P t Bu3, reacts at C-Cl (Scheme 1A and 1B). This relationship between ligation state and selectivity was explained by the distortioninteraction model. 18, 19 PdL2 is more electron-rich than PdL and thus has a stronger interaction with the more electrophilic C-O site compared to C-Cl. It may be possible that SIMes behaves analogously to PCy3, and that [Pd(SIMes)2] is responsible for the selectivity observed with this ligand. However, our attempted calculations to locate sterically congested transition structures involving [Pd(SIMes)2] have all failed to converge.
An alternative explanation for the triflate selectivity observed with SIMes is that oxidative addition involves an anionic species [Pd(SIMes)X] -(X = small anionic ligand). 20 Indeed, DFT calculations predict that an anionic transition structure involving [Pd(SIMes)(OH)] -(TS33a) favors reaction at triflate by 1.5 kcal mol -1 ( Figure 2B ). Formation of a palladium hydroxide species is plausible under the catalytic conditions, which include both water and base (KF). 21 The preference for [Pd(SIMes)OH]to react at OTf is consistent with previously reported calculations using phosphine ligands. Anionic [Pd(P t Bu3)X] -(X = For PhB(OH)O -) has been shown computationally to favor oxidative addition at C-OTf over C-Cl. 18, 22 Interestingly however, previous studies suggest that involvement of putative [Pd(P t Bu3)X]is only favored in certain polar solvents like DMF and MeCN. 23 In THF or other nonpolar solvents, the active catalyst is [Pd(P t Bu3)] and preferential SM cross coupling at C-Cl is observed. 22 As such, if [Pd(SIMes)X]is the active catalyst in THF, it suggests that SIMes is better than P t Bu3 at stabilizing anionic Pd.
Further studies will be needed to distinguish between mechanisms involving [Pd(SIMes)2], [Pd(SIMes)X] -, or other active catalysts. 24 Limitations to Selective Reaction at Chloride: Heteroaryl Substrates. To test the limits of the NHC ligand-controlled selectivity, chloropyridyl triflates were examined as substrates for the SM reaction (Table 3 ). All else being equal, the reactivity of pyridine C-X bonds toward Pd(0) generally follows the order C2 > C4 > C3/C5. 25 We were interested in whether the strong electronic biases of this substrate class would erode the NHC ligand-controlled selectivity.
Furthermore, the mechanism of oxidative addition of chloropyridines at Pd(0) may be different from that of chloroarenes, which could affect selectivity. 26 The results of the reactions of 34 and reaction at chloride should be expected based on both the electronic bias of the pyridine ring and SIPr's usual preference for reaction at chloride. However, coupling takes place selectively at C4-OTf. Further study is needed to understand these incongruous results and their possible relationship to differences in the mechanism of oxidative addition of chloroarenes compared to chloropyridines. 26 attributed to oxidative addition at bisligated [Pd(SIMes)2] or [Pd(SIMes)X] -. Further study is needed to distinguish between these and other mechanistic possibilities for oxidative addition with Pd/SIMes. The Pd/SIMes system remains selective for reaction of triflate even with electronically biased chloropyridyl triflate substrates. However, the Pd/SIPr-catalyzed cross coupling of chloropyridyl triflates does not clearly fit a pattern dictated by pyridine electronics or SIPr's typical preference for chloride. The incongruous results with chloropyridyl triflates and SIPr may relate to differences in the mechanism for oxidative addition of chloropyridines versus chloroarenes. 26 This possibility is the subject of ongoing study in our laboratory.
EXPERIMENTAL AND COMPUTATIONAL DETAILS
Computational Methods. Calculations were performed with Gaussian 09. 27 An ultrafine integration grid and the keyword 5d were used for all calculations. Unless otherwise specified in Section II-D of the Supporting Information, geometry optimizations of stationary points were carried out in the gas phase with the M06L 28 functional with BS1 (BS1 = the SDD 29 pseudopotential for Pd, the 6-31+G(d) basis set for O and Cl, and the the 6-31G(d) basis set for all other atoms). Frequency analyses were carried out at the same level to evaluate the zero-point vibrational energy and thermal corrections at 298 K. Gibbs free energy values are reported after applying Cramer and Truhlar's anharmonic correction to frequencies that are less than 100 cm -1 . 30 The nature of the stationary points was determined in each case according to the appropriate number of negative eigenvalues of the Hessian matrix. Forward and reverse intrinsic reaction coordinate (IRC) calculations were carried out on the optimized transition structures to ensure that the TSs indeed connect the appropriate reactants and products. 31 Multiple conformations were considered for all structures, and the lowest energy conformations are reported. Unless otherwise specified in Section 1D of the Supporting Information, single point energy calculations were performed on the gas-phase optimized geometries using the M06 functional with BS2 (BS2 = the SDD pseudopotential for Pd and the 6-311++G(2d,p) basis set for all other atoms). Bulk solvent effects in tetrahydrofuran were considered implicitly in the single point energy calculations through the CPCM continuum solvation model. 32 Images of optimized structures were generated with CYLview. 33 General Materials and Methods. PEPPSI TM -SIPr (7) and Pd(OAc)2 were obtained from Sigma-Aldrich and used as received.
indenyl)Pd(IMes)(Cl), and (h 3 -1-t Bu-indenyl)Pd(IPr)(Cl) were synthesized from a literature procedure. 10 General Procedure for Synthesis of Chloroaryl Triflates. Chloroaryl triflates were prepared according to a modified literature procedure. 34 To an oven-dried 250 mL round-bottom flask equipped with a stir bar was added the chlorophenol (1 equiv). The flask was then sealed with a septum and subjected to 3 evacuation-refill cycles using N2. Degassed pyridine (2 equiv) and CH2Cl2 were added by syringe. The solution was cooled to 0 ºC and trifluoromethanesulfonate anhydride (1.2 equiv) was added dropwise over 15 minutes. The solution was allowed to warm to room temperature and stir for 16 hours under N2. The reaction was quenched with 5% aqueous HCl (2/3 of the volume of CH2Cl2 used) and diluted with Et2O (2/3 of the volume of CH2Cl2 used).
The layers were separated, and the aqueous layer was extracted with Et2O (3 x 2/3 of the volume of CH2Cl2 used). The combined organic layers were washed with 10% aqueous NaHCO3 ( to remove solid impurities before drying in vacuo to yield 28 as a colorless oil (198 mg, 60% yield). 1 Spectral data are consistent with those previously reported. 37 The product gradually decomposes in ambient conditions. 1.2 mmol, 3 equiv), 5 (7.5 mg, 0.012 mmol, 3 mol %), degassed H2O (50 µL, 2.76 mmol, 6.9 equiv), and DMF (0.8 mL) with a reaction time of 4 h at 60 ºC followed by purification procedure A.
4-Chloropyridin
Purification by flash column chromatography (Rf = 0.64 in 10% CH2Cl2, 20% toluene, 70% hexanes) provided 25b as a pale yellow oil (84.9 mg, 91% yield). 1 1, 150.5, 144.8, 130.9, 128.5, 121.7, 120.1, 114.4, 55.5 . Spectral data are consistent with those previously reported. 51 With SIPr:
Product 34b was prepared according to the general procedure using using 4-chloropyridin-2-yl trifluoromethanesulfonate (34, 20.9 mg, 0.08 mmol, 1 equiv), 4-methoxyphenylboronic acid (15.2 mg, 0.1 mmol, 1.25 equiv), KF (13.9 mg, .24 mmol, 3 equiv), 3 (1.7 mg, 0.0024 mmol, 3 mol %), degassed H2O (10 µL, 0.56 mmol, 7 equiv), and THF (0.32 mL). Undecane was added as an internal GC standard, and the reaction mixture was diluted with Et2O, filtered through celite, and analyzed by GC, indicating 27% crude GC yield of 34b. The retention time of the product prepared by this method matches that of the analogous reaction with SIMes. 
2-Chloro

